Noninvasive vagus nerve stimulation reduces blood-brain barrier disruption in a rat model of ischemic stroke, Brain Stimulation (2018), Abstract 1 2 Background: Vagus nerve stimulation (VNS) significantly reduces infarct volume in rat 3 models of cerebral ischemia, but the mechanism of this protective effect remains open.
minutes. The signal consisted of 1 msec duration pulses of 5 kHz sinewaves, repeated 1 at 25 Hz at an average voltage of 15 V, as described previously [10, 18] , before 2 reperfusion after 90 min of MCAO. The rats in the control group received the same 3 series of stimulations delivered on the shaved skin overlying the left quadriceps femoris 4 muscle. All procedures, including nVNS or femoris muscle stimulation, were performed 5 under anesthesia with 2% isoflurane during the 90 min occlusion ( Fig. 1a ), which 6 excluded any neuroprotective effect of isoflurane during cerebral ischemia [22] . In this 7 study, in order to obtain similar outcomes of nVNS neuroprotection on infarct size, we 8 duplicated the procedure of nVNS in previous studies [5, 10] , which monitored the 9 physiological status of the rats during stimulation and performed behavioral 10 assessment.
12
Magnetic Resonance Imaging (MRI) 13 Twenty rats (n=10 in nVNS and control group, respectively) were conducted T2 imaging 14 and dynamic permeability imaging at 24 hours after reperfusion as described previously 15 [1, 2] . Paravision Image Sequence Analysis (ISA) Tool. Since the contrast agent concentration 10 is proportional to changes of 1/T1(∆(1/T1(t))), a map of K i was constructed from 11 repeated estimates of ∆(1/T1(t)). An in-house computer program in MATLAB 12 (Mathworks; MA, USA), which implemented the above principle, was used to generate 13 the K i map. In nonischemic vessels, TJP ZO-1 in the endothelial cells (RECA-1, a marker of 5 endothelial cells) had a linear appearance in both groups (Fig. 3a, left panels) , which is 6 typical in normal BBB [16] . In control animals, MCAO and reperfusion disrupted ZO-1, 7 causing a loss from the vascular endothelial cells in the ischemic hemisphere ( Fig. 3a,   8 top right panel). In the nVNS treated animals, a much higher RECA-1 signal of 9 endothelial ZO-1 was detected in compromised vessels of ischemic hemispheres ( Fig.   10 3a, right panels). Expression of occludin and claudin-5 in endothelial cells showed 11 similar results with ZO-1 (data not shown). Western blot analysis demonstrated a 12 significant decrease of ZO-1 level in ischemic hemisphere, which was significantly 13 improved by nVNS ( Fig. 3b ).
nVNS during occlusion reduced expression of MMP-2 and -9 in reactive
15 astrocytes surrounding injured vessels in ischemic hemisphere. 16 Immunohistochemistry also demonstrated that MCAO and reperfusion increased 17 expression of MMP-2 and -9 in cells surrounding the vessels in ischemic areas in both 18 groups, but a few with co-localization of MMP-2 and -9 in endothelial cells were seen 19 ( Fig. 4a and b) . Importantly, nVNS reduced MMP-2 and -9 in the ischemic areas.
20
Double-immunostaining showed that the cells that express MMP-2 and -9 in ischemic 21 regions at an early stage of reperfusion after MCAO are predominantly found in (Fig. 5a and b) . Western blot analysis demonstrated a significant increase in 3 MMP-2, including pro-(68 kD) and active (62 kD) forms, and pro-MMP-9 (92 and 88 kD) 4 levels in ischemic hemisphere, which were significantly reduced by nVNS ( Fig. 5c and 5 d).
6
In addition, increased expression of both MMP-2 and in particular MMP-9, were 7 seen in the ischemic external capsule ( Fig. 6a and b ) where high IgG leakage was 8 observed (Fig. 2c) . The major MMP-2 and -9 increases in ECs were not co-localized 9 with GFAP, suggesting these MMPs were expressed in oligodendrocyte-like cells and 10 neurofibrils, which are involved in oligodendrocyte death and white matter damage 11 induced by ischemic stroke [25] . nVNS also attenuated expression of MMPs in white 12 matter.
13

Discussion
14
We show that nVNS applied during occlusion of MCA significantly reduced BBB 15 permeability and serum IgG leakage at 24 hours after transient ischemic stroke onset. 16 This protection of nVNS on BBB integrity is spatially in line with the attenuation of the 17 infarct size in the ischemic hemispheres. Histological evaluation in this study also 18 indicated that the nVNS mediated protection of BBB from breakdown is associated with 19 reduction of MMP-mediated TJP disruption. We propose that nVNS attenuates MMP-20 mediated BBB damage during the early ischemic insult, which results in reduction of cell 21 death, neuroinflammation, and infarct size in ischemic brain secondary to BBB ischemic hemisphere, at 24 hours after stroke onset. We have previously shown that 20 ischemia and reperfusion induce reactive astrocytes to express MMP-2 and -9, leading 
